The aspiration rate for pneumatic nebulisers used for flame atomic absorption spectrometry (FAAS), under typical operating conditions, is usually in the range of 3 to 5 ml min -1 • At these flow rates not more than 10% of the aspirated liquid enters the flame due to the need to remove large droplets which make up a large portion of the aerosol. The nebulisers used for inductively coupled plasma spectrometry are usually even less efficient. Starving the flow into the nebuliser can increase the proportion of solution that is transported, but the increase in efficiency does not lead to greater signals because the decreased analyte delivery rate results in greater dilution by the burner gases. The volume of spray chambers, which allow settling out of the large droplets, is unimportant when continuous aspiration of ana lyte solutions is being performed, but when dis crete volumes of sample are nebulised, as in flow injection (Fl) introduction, this volume produces dilution of the analyte droplets with carrier droplets and flame gases by the mixing chamber effect. In order to increase the signals obtained using FI-FAAS it is therefore desirable to in crease the efficiency of nebulisation and decrease the dilution by flame gases.
Evaporation of the solvent in the droplets pro duced by the nebuliser using a heated spray chamber reduces the particle size and therefore the amount of analyte retained in the spray chamber, and has been used for FAAS [1] and with removal of the vaporised solvent for induc tively coupled plasma (ICP) atomic emission spectrometry [2] and capacitively coupled mi crowave plasma spectrometry [3] .
Alternative non-pneumatic nebulisers, for ex ample ultrasonic [4] and thermospray [5] devices, show some increase in efficiency. The thermo spray was originally designed as an interface be tween a liquid chromatograph and a mass spectrometer but more recently has been applied to introduction of samples into the ICP (6) (7) (8) (9) (10) (11) (12) (13) and deposition of analyte in a graphite furnace during FI electrothermal AAS (14] . These nebulisers have not been used for FAAS which may be due to the greater efficiency of the nebulisers cur rently used. However, a similar principle has been used to connect a liquid chromatograph to a continuously heated graphite furnace for elec trothermal AAS detection (15] . The efficiency of these techniques is increased if volatile solvents are used, however organic solvents may cause problems when an ICP is used and can produce large background signals in FAAS.
If the analyte itself is volatile then it is possible to vaporise all the sample so it can be transported to the atom cell. Volatile metal· complexes have been vaporised and atomised after being synthe sised both off-line (16) (17) (18) (19) (20) and on-line (21] . In the latter case, the associated solvent vapour caused problems due to intense background signals. Such volatile metal compounds have also been studied with respect to their behavior during supercritical fluid (SF) chromatography. The chromatographs were interfaced with an ICP (22) (23) (24) or mi crowave induced plasma (25] via a length of heated quartz capillary, which acted as a restrictor, mounted at the base of the plasma torch. The action of this interface may be considered similar to the thermospray though no liquid droplets are produced due to the low boiling point of carbon dioxide, the usual solvent used. Heating is re quired, however, to counteract the adiabatic cool ing on expansion of the gas, which causes freez ing of the gas in the restrictor.
In this paper, results obtained using a heated capillary to interface a flow-injection supercritical CO 2 system with a spray chamber for flame atomisation or to a quartz tube for furnace atomi sation are presented. The signals obtained when copper-pyrrolidine dithiocarbamate complex dis solved in MIBK is introduced into the system are compared with those obtained using a water car rier and for conventional nebulisation. The disso lution of solid copper(Il)-acetyl acetonate by su percritical carbon dioxide and its subsequent atomisation in a quartz tube is also demon strated.
EXPERIMENTAL

Reagents
Copper solutions of 0-500 ng ml -1 were made from 1000 µ,g ml -1 stock solution (Fisher, Pitts burg, PA) and were extracted according to the method of Kinrade and Van Loon (26] but ammo nium pyrrolidinedithiocarbamate (APDC), (BDH, Poole) was used alone without diethylammonium diethyldithiocarbamate. This produced solutions of the complex in MIBK (Fisher). Copper-acetyl acetonate complex was made by extracting with chloroform (Fisher) the complex formed when 50 ml of a 1000 µ,g ml-1 aqueous solution of copper as nitrate was shaken with 10 ml of 10% acetyl acetone (Hacac) (Fisher) in water after addition of solid sodium acetate (BDH). The solvent was evaporated and the precipitated complex was then redissolved in chloroform and filtered to remove any remaining sodium acetate before the chloro form was again evaporated. Chromium acetyl acetonate was made in the same way, except the extraction vessel was allowed to stand for 12 h before the complex solution was drained.
Apparatus
Manifolds (see Fig. 1 ) were constructed from 316 stainless-steel LC tubing of 0.38-mm i.d. A 2-µ,m LC filter unit (25-0105, SSI, State College, PA) was used to contain solid samples. The liquid carbon dioxide (Bone dry, Union carbide, Dan bury, CT) was pumped from a cylinder using a reciprocating LC pump (AA-100-S, Eldex, San Carlos, CA), cooled with ethylene glycol-water mixture that was chilled with dry ice. Restrictors consisted of 100 mm of 50 µm i.d. plain silica GC tubing (SGE, Austin, TX), heated at the end to 260°C using a small heating block (Fig. 2) that either replaced the nebuliser of a spectrometer (PE 1100B, Perkin-Elmer, Norwalk, CT) or fitted in the entrance to a heated quartz T-cell which fitted into a cell heater (Perkin-Elmer, Uberlin gen) which was mounted in a spectrometer (PE 3100, Perkin-Elmer, Norwalk, CT). For experi ments where the solubility of Cu(acac) 2 was being investigated, all the manifold components after the pressure transducer (Sensometric Inc., Simi Valley, CA) were within an oven (Fll, Perkina. were introduced, injection loops of 20-101 µ.l were connected to the valve and kept outside the oven.
When the nebuliser was replaced by the re strictor, a 20 mm length of PTFE tubing, 0.5 mm i.d., had to be inserted into the air supply of the spray chamber in order that the flame could be lit. This restriction in the air flow mimicked the resistance normally produced by the nebuliser. The flow rates for the air, as given by the spec trometers sensors which rely on this resistance, were therefore invalid and the flame gases were adjusted until a stoichiometric flame was ob served. Background correction was used for all the experiments.
Procedures
Flow injection. Volumes of 20, 40.4, 71 and 101 µ.l of the extracts of Cu(PDC) 2 in MIBK were injected into supercritical carbon dioxide via manifold a (Fig. 1) where tube length L 2 was 641 mm, at pressures of 1000 p.s.i. and 2000 p.s.i., and the resulting peaks were recorded.
Tube L 2 was exchanged for a 320-mm length and 20-µ.l volumes of extract were injected into the CO 2 carrier stream three times at both 1000 p.s.i. and 2000 p.s.i. The manifold was then dis connected from the restrictor and reconnected to the nebuliser. The CO 2 carrier was replaced with water pumped at 4.6 ml min -t and further 20-µ.l volumes of the extracts were injected. Finally, the extracts were nebulised conventionally.
Solubility of Cu(acac) 2 and Cr(acac) 2 . The re strictor was inserted into the entrance to a quartz T-cell, and a small amount of Cu(acac) 2 complex was placed within the filter unit in manifold b (Fig. 1) . The cell was then heated to 900°C and CO 2 was pumped through the system. The valve containing the filter unit was switched into the CO 2 stream for a few seconds and the signal recorded. The copper lamp in the spectrometer was then exchanged for a chromium lamp and the monochromator retuned from the 324.8-nm line to the 357.9-nm chromium line before the copper complex was again switched into line. The copper complex was then replaced with Cr(acac) 2 which was then switched into line.
RESULTS AND DISCUSSION
The maximum pressure that could be main tained with the restrictor dimensions used was between 1700 and 2000 p.s.i. Measurements of CO 2 flow rate were not performed and use of the pump flow rate calibration is misleading as the CO 2 is a compressible fluid.
Representative peaks obtained at different pressures for different volume injections of ex tracted solutions into CO 2 are shown in Fig. 3 . At 1000 p.s.i. (the cylinder pressure), increasing the volume injected caused double peaks to form and the signal to decrease. The valleys that occurred when large volumes were injected may have been caused by depression of the signal by the pres ence of MIBK in the flame which could have altered the flame temperature in a similar man ner to that described by Kojima et al. [27] for discrete nebulisation, by movement of the maxi mum atom population out of the light path or by the behaviour of the restrictor. If the MIBK was preferentially evaporated and the complex was being deposited in the restrictor and then redis solved in the CO 2 , an increase in the peak that occurs at the end of the slug would be expected as the volume injected was increased. The restric tor heater may not have supplied sufficient heat to evaporate large volumes of solvent and either a jet or aerosol of complex solution may have been formed and lost to the walls of the spray cham ber.
Increasing the pressure of CO 2 in the system to around 1800 p.s.i. produced an increase in the peak height at the start of the sample slug, even for single peaks. The solubility of MIBK and of the complex in CO 2 will increase with increasing pressure which could have increased the disper sion of the sample slug into the CO 2 allowing evaporation of the complex at the restrictor. However the overall peak heights decreased com pared with those obtained at 1000 p.s.i.
The most sensitive calibration was obtained by conventional nebulisation of the MIBK extracts and is shown in Fig. 4 . This calibration is four times more sensitive than conventional nebulisa tion of aqueous standards of the same concentra tion as is calculated to be in the extracts assuming 100% extraction efficiency. When 20 µ.l of these extract solutions were introduced into the aque ous carrier in a flow-injection mode, the sensitiv ity decreased by one third compared with conven tional nebulisation. Using a CO 2 carrier at 1000 p.s.i. increased the sensitivity but did not restore it back to that obtained by conventional nebulisa tion of the MIBK solutions. Increasing the pressure to 1800 p.s.i. decreased th e sensitivity to below th at obtained with a water carrier.
When the solutions are conventionally nebu lised, the spray chamber is saturated with a neb ula of analyte droplets, but when flow injection is used as the sample introduction technique, the carrier droplets or vapour in the spray chamber dilute the analyte nebula which results in a de crease in sensitivity. It appears that using the heated restrictor and a CO 2 carrier can increase the sensitivity of the calibrations, but increasing the volume injected or the pressure decreases the signals obtained.
The steady-state signal that was produced when the copper complex was switched into a CO 2 stream, shown in Fig. 5 , is the result of copper atoms being formed in the quartz tube. This was shown both by the presence of an atomic signal with the instrument operated in background cor rection mode and by checking for absorption of radiation from the chromium lamp, which re sulted in no signal. The height of the steady-state signal must depend on a number of factors in cluding the solubility of the complex in the super critical CO 2 will depend on pressure, the flow rate of the CO 2 which, for a fixed restrictor orifice size, will also depend on pressure, and the atomisation efficiency or atom life time in the quartz tube.
Although the eventual fate of any copper atoms that form must be oxide or other molecular species, the lifetime of the copper atoms formed during breakdown of the complex is sufficient to produce a signal. A small amount of a brown deposit was observed before the entrance to the atomisation area of the T-cell, but no deposit was visible at the ends of the tube. No signal was observed when the same experiment was tried using the chromium complex, but a greater amount of deposit was observed at the T-cell entrance possibly indicating that the cell temper ature was high enough to cause decomposition of the complex before reaching the light path. It is likely that any decomposition of the complex would produce oxide species, and that the partial pressure of chromium atoms would not be suffi-· cient to produce a measurable atomic signal.
